apoptotic members of the Bcl-2 family include Bcl-2, Bcl-xl, Bcl-w, Mcl-1, and A1/BFL1. These family members govern apoptotic signaling through interactions with proapoptotic proteins, including the multidomain proteins Bax and Bak, as well as the BH3 domain-only-containing proteins. Whereas Bax and Bak are the final (and obligate) executors of apoptosis for the mitochondrial pathway (3), the BH3-only proapoptotic family members, including Bim, Noxa, Puma, Hrk, and others, are responsible for relaying various environmental insults to promote cell death. Among BH3-only proteins, Bim and Puma have been classified as "activators" in view of their purported ability to engage directly and activate Bax and Bak (3, 4) . In contrast, other BH3-only proteins such as Noxa do not directly activate Bax and Bak; instead, they act indirectly by neutralizing antiapoptotic proteins (in this case, and are classified as "sensitizers" or "derepressors" (3, 5) . Bim plays a critical role in the apoptotic regulatory machinery engaged by many anticancer therapy agents (6, 7) .
It is now apparent that the clinical response to conventional therapies, including cytotoxic chemotherapy, is governed at least in part by the Bcl-2 family (8, 9) . Direct therapeutic targeting of the Bcl-2 family in cancer is therefore conceptually appealing but has proved remarkably challenging. This fact is due, in part, to the difficulty in producing effective drugs and in achieving a satisfactory therapeutic index (10) . Also important, but less appreciated in this regard, are the potentially complex, tissue-specific interactions among Bcl-2 family members observed in different tumor types (8) . The recent development of the highly potent and specific BH3 mimetic small-molecule ABT-737, which displaces Bim from Bcl-2 and Bcl-xl but not Mcl-1, has provided proof-of-concept for targeting the Bcl-2 family in certain hematologic cancers, which express high levels of Bcl-2 (10) . However, emerging data suggest that many, if not most, solid tumors may be refractory to this agent and its orally available derivative ABT-263, even though the mechanistic basis for this resistance has yet to be established (11) . 
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An additional approach to targeting the Bcl-2 family that has recently emerged involves the use of histone deacetylase (HDAC) inhibitors (12) , a treatment that induces expression of multiple proapoptotic Bcl-2 family members, including Bim, Puma, and Noxa (4) . Although the direct targets and precise specificity of clinical HDAC inhibitors vary, substantial data support the concept that proapoptotic Bcl-2 family induction involves a direct effect on chromatin (13) . For example, we recently showed that the lineage-specific transcription factor p63, which is overexpressed in a large proportion of SCCs, functions as a direct repressor of Puma and Noxa transcription in SCC cells through recruitment of HDAC1/2 (14) . Either p63 inhibition or treatment with a clinical HDAC inhibitor results in increased histone acetylation within the regulatory elements of these genes, leading to their upregulation and cell death in a subset of SCC cell lines (14) .
Here, we sought to uncover the tissue-specific biochemical landscape of the Bcl-2 family in SCC as a means to rational therapeutic targeting. We reveal Mcl-1 as a dominant survival factor in SCC, which contrasts dramatically with the Bcl-2 dominance of hematologic cancers. Underscoring this observation, we find that disruptive mutations of the E3 ubiquitin ligase complex gene FBW7, which are recurrent in SCC, lead to Mcl-1 stabilization and thereby render mutant tumors refractory to conventional chemotherapy but highly sensitive to HDAC inhibitors. Most importantly, our biochemical studies show how combining HDAC inhibition with a BH3-mimetic agent synergizes in SCC treatment both in vitro and in vivo. This work points to a new treatment approach for SCC, as well as potential genomic and gene expression markers to guide therapeutic decision making.
ResUlts

Role of the Bcl-2 Family in Apoptosis Induced by Vorinostat in SCC Cells
We had previously observed substantial differences in the sensitivity of SCC cells to the clinical class I/II HDAC inhibitor vorinostat (14) , and we therefore wished to define key mediators of response and resistance to this agent. We collected a panel of SCC cell lines representing upper aerodigestive tract (HNSCC) and esophageal SCCs. Treatment of multiple lines with vorinostat induced a dose-dependent increase in apoptosis, evidenced by Annexin V/propidium iodide (PI) staining and flow cytometry (Fig. 1A and B and Supplementary Fig. S1A ). We then determined the vorinostat IC 50 value for each cell line in a dose-response analysis ( Supplementary Fig. S1B ). Apoptosis induced by vorinostat has been linked to the intrinsic (mitochondrial) pathway (15, 16) , and thus was associated in SCC cells with induction of the mRNA and protein for the BH3-only proapoptotic Bcl-2 family members Puma, Noxa, and Bim, and with downregulation of the prosurvival family member Mcl-1 ( Fig. 1C and Supplementary Fig. S1C-S1E ). Although these 4 family members were regulated in all of the lines following vorinostat treatment, no correlation was found between the sensitivity to vorinostat and either the basal or induced level of mRNA or protein for these factors ( Fig. 1D and Supplementary Fig. S1E ).
Recent work has defined expression of Bcl-2 itself as a potentially important prognostic factor in squamous cancers, including HNSCC (17) (18) (19) . We noted that Bcl-2 exhibited the broadest range of expression across the cell lines analyzed (difference between the highest-and lowestexpressing cell line) of all the Bcl-2 family members analyzed (Fig. 1E) , although its level was not significantly changed following vorinostat treatment ( Supplementary Fig. S1E ). Remarkably, however, Bcl-2 levels correlated significantly with sensitivity to vorinostat in SCC cells (Fig. 1E) , a finding that has not been observed in other cell types (12) . Collectively, these findings suggest that Bcl-2 may have a "gatekeeper" function in supporting survival of SCC cells following vorinostat treatment. Of note, one significant outlier in this analysis was the BICR-78 line, which exhibited sensitivity to vorinostat despite relatively high Bcl-2 levels (Fig. 1E ), the molecular explanation for which is discussed below.
Mcl-1 Dominance and Shuttling of Bim Define the Molecular Mechanisms of ABT-737 Resistance and Vorinostat Sensitivity in SCC
On the basis of these findings and the emerging role of Bcl-2 in SCC (17-19), we next tested the ability of the Bcl-2 inhibitor (BH3 mimetic) ABT-737 to induce apoptosis as a single agent in SCC cells. As a control for efficacy, we directly compared ABT-737 sensitivity in SCC cells to that in leukemia cells, which are known to be sensitive to this agent (20) . Remarkably, all of the SCC cell lines exhibited striking resistance to this agent, with mean IC 50 values 20-fold greater in SCC than in leukemia cell lines ( Fig. 2A and Supplementary Fig. S2A ). Furthermore, in SCC cells, the effect of ABT-737 was almost exclusively cytostatic (not cytotoxic) even at micromolar doses, whereas this agent killed leukemia cells efficiently at nanomolar doses (data not shown).
Resistance to single-agent ABT-737 implies that SCC cells are less dependent on Bcl-2/Bcl-xl for survival than are leukemia cells (21, 22) . We hypothesized that this may be related, in part, to an altered balance of prosurvival Bcl-2 family members in SCC versus leukemia cells. Indeed, while Mcl-1 and Bcl-xl levels were comparable in SCC and leukemia cells, Bcl-2 levels were dramatically lower in SCC ( Supplementary  Fig. S2B ), yielding an Mcl-1/Bcl-2 ratio 100-to 1,000-fold higher in SCC than leukemia cells ( Fig. 2A) . This finding was recapitulated upon examination of a large, publicly available gene expression profiling dataset ( Fig. 2B; ref. 23 ). The resulting low combined Bcl-xl and Bcl-2 level suggests that SCC cells may be relatively more dependent on Mcl-1 than on other prosurvival family members (24) . Indeed, siRNAmediated knockdown of Mcl-1 alone dramatically suppressed viability in several SCC cell lines, whereas knockdown of other prosurvival family members (Bcl-2, Bcl-xl, Bcl-w, A1) did not ( Fig. 2C and Supplementary Fig. S2C ). Thus, the tissue-specific expression pattern of prosurvival Bcl-2 family members observed in SCC is likely to underlie a selective dependence on Mcl-1 for survival.
Recent biochemical studies have suggested that dependence on Mcl-1 versus Bcl-2/Bcl-xl is reflected in the relative distribution of proapoptotic Bim to these factors (22) . Supplementary Fig. S2D . DMSO, dimethyl sulfoxide. 
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We hypothesized that in cells that are Mcl-1 dependent (and therefore ABT-737 resistant), Bim would be bound at baseline primarily to Mcl-1, whereas in ABT-737-sensitive cells, the majority of Bim would be bound to Bcl-2/Bcl-xl (21, 22) . To test this hypothesis we conducted immunoprecipitation for Mcl-1, Bcl-2, and Bcl-xl in SCC and leukemia cells and analyzed associated Bim protein. Indeed, we found that the majority of Bim was associated with Mcl-1 in SCC cells, whereas 20% or less of Bim was associated with Mcl-1 in leukemia cells (Fig. 2D) . Strikingly, treatment of SCC cells with vorinostat led to substantial redistribution of Bim from Mcl-1 to Bcl-2 and Bcl-xl, resulting from the concerted effect of Mcl-1 downregulation and Noxa induction ( Fig. 2E and Supplementary Fig. S2D-S2F ). Together, these observations begin to explain mechanistically the correlation between Bcl-2 expression and resistance to vorinostat treatment in SCC cells. Release of Bim from Mcl-1 can either induce complete redistribution of Bim to Bcl-2/Bcl-xl, resulting in cell survival, or, in the absence of sufficient Bcl-2/Bcl-xl levels, activate the apoptotic cascade, resulting in cell death. As Bclxl levels vary little in SCC cells (Fig. 1D ), Bcl-2 becomes the key response determinant. Taken together, these observations define SCC as functionally Mcl-1 dependent.
FBW7 Is Mutated and Controls Mcl-1 Stability and Drug Sensitivity in SCC Cells
Mcl-1 dependence of SCC cells suggests that factors regulating Mcl-1 might be important contributors to treatment response in this disease. Recent exome sequencing studies of primary HNSCC tumors have uncovered recurrent somatic mutations in FBW7, encoding an F-box protein subunit of the SCF (SKP1-CUL1-F-box protein) E3 ubiquitin ligase complex (2, (25) (26) (27) . FBW7 is also somatically mutated in several other human cancers and functions as a tumor suppressor in animal models, potentially by controlling degradation of substrates including c-Myc, Notch1, cyclin E, and Mcl-1 (25, 28) . Given its potential link to Mcl-1, we sequenced FBW7 in our SCC cell lines. Remarkably, BICR-78, an esophageal SCC line, harbored a homozygous missense mutation resulting in an arginine to cysteine change at position 505 (Fig. 3A) . Arginine 505 is among the 3 most common FBW7 codons targeted for mutation in human cancers, and tumor-associated mutations at this position have been shown to disrupt substrate binding (29) .
We thus hypothesized that FBW7 mutation would result in stabilization of Mcl-1, rendering mutant cells further "Mcl-1 addicted" and therefore potentially more sensitive to vorinostat treatment (28) . Indeed, we noted in our doseresponse analysis (Fig. 1E ) that BICR-78 was an obvious outlier showing high vorinostat sensitivity despite relatively high Bcl-2 levels. We therefore assayed endogenous Mcl-1 stability in these cells. Because Mcl-1 degradation occurs selectively during mitosis, we tested its stability by synchronizing cells using a double thymidine block, followed by release into nocodazole (29) . This experiment showed clearly that Mcl-1 degradation was attenuated in BICR-78, resulting in a longer half-life in this cell line compared with 4 other SCC lines that express wild-type FBW7 (Fig. 3B and C) . Furthermore, BICR-78 showed the highest level of apoptosis of any SCC line following vorinostat treatment (Fig. 3D) . To test directly whether loss of FBW7 function confers sensitivity to vorinostat, we used siRNA to ablate FBW7 expression in KYSE-150 cells, which are vorinostat resistant at baseline. As predicted, FBW7 ablation significantly increased apoptosis and decreased viable cell numbers in multiple SCC cell lines following vorinostat treatment ( Fig. 3E and Supplementary  Fig. S3A ). Thus, FBW7 loss-of-function increases Mcl-1 stability and vorinostat sensitivity in SCC cells.
To pursue these observations in a broader context, we conducted in silico analysis of existing genomic and gene expression data on hundreds of human cancer cell lines (23) , comparing tumor lines with deleterious FBW7 mutations with those without such mutations (see Methods). Consistent with an effect on Mcl-1 protein levels, FBW7-mutant lines were significantly less likely to exhibit low-level Mcl-1 genomic amplification, a common occurrence in human cancers, than were wild-type lines (Supplementary Fig. S3B ; ref. 30) . As a control, we examined Bcl-Xl, also subject to frequent low-level amplification, which showed no difference between wild-type and FBW7-mutant lines ( Supplementary Fig. S3B ). In keeping with increased Mcl-1 addiction and oncogenic stress, mutant lines also expressed significantly higher levels of Bim than did nonmutant lines (Supplementary Fig. S3C ; ref. 28 ). Most importantly, we then analyzed extensive dose-response data we had generated as part of a systematic effort to apply a wide variety of therapeutic compounds to hundreds of wellvalidated cancer cell lines of diverse histologic types (31) . This analysis confirmed the specific sensitivity of FBW7-mutant cancer cells to 3 distinct HDAC inhibitors, including the class I-specific inhibitor MS-275 (Entinostat; Fig. 3F and Supplementary Fig. S3D ). These differences in sensitivity clearly tracked with FBW7 mutation and were not due to selective enrichment of a particular cell type among the mutant lines, as a comparison exclusively of hematologic cancer lines continued to show a highly significant increase in sensitivity among mutant lines ( Supplementary Fig. S3E ). As an additional control, we examined the effect of FBW7 mutation on sensitivity to docetaxel and epothilone, as FBW7 disruption is established to confer resistance to such antitubulin agents via Mcl-1 stabilization (29) . As predicted, FBW7-mutant cells were significantly more resistant to these cytotoxics than were cells without such mutations ( Fig. 3F and Supplementary  Fig. S3F ). Taken together, these findings show that FBW7 mutation stabilizes Mcl-1 and confers sensitivity to selective HDAC inhibition. Importantly, this mutation also renders tumor cells particularly resistant to traditional cytotoxic therapy.
Robust Synergy between Vorinostat and ABT-737 In Vitro and In Vivo
Our data suggest that Mcl-1 is a dominant survival factor in SCC (with or without FBW7 mutation), that Mcl-1 activity is selectively targeted by vorinostat, and that Bcl-2 and Bcl-xl oppose the effects of this agent. The most important clinical implication of these findings is the predicted enhanced efficacy of vorinostat in the presence of ABT-737 in SCC. In effect, vorinostat treatment would be expected to "prime" cells for sensitivity to ABT-737 by shuttling Bim from Mcl-1 to Bcl-2/Bcl-xl, with the latter Bim-containing complexes being susceptible to ABT-737 ( Fig. 2; ref. 21 ). We therefore tested the combination in multiple SCC cell lines. Indeed, the addition of ABT-737 to vorinostat enhanced cell killing, in each case dramatically altering the slope of the dose-response curve and resulting in approximately a 5-fold decrease in the IC 50 for vorinostat ( Fig. 4A and Supplementary Fig. S4A ). Quantitative analysis of this effect using the Chou-Talalay method indicated a synergistic interaction in multiple lines (Supplementary Fig. S4B ; ref. 32).
Our model further predicts that the addition of ABT-737 to vorinostat would be sufficient to overcome Bcl-2-mediated vorinostat resistance in SCC. To model the treatmentrefractory Bcl-2-expressing subset of human HNSCC, we generated isogenic JHU-O29/GFP and JHU-O29/Bcl-2 cells, the former expressing a control retroviral vector and the latter a Bcl-2 cDNA (14, 17). As anticipated, vorinostat treatment alone was completely ineffective in JHU-O29/Bcl-2 cells (Fig. 4B) . Strikingly, however, the addition of ABT-737 completely reversed this resistance and potentiated vorinostat sensitivity, resulting in the same final IC 50 for the combination in both lines (Fig. 4B) . Thus, ABT-737 can effectively antagonize Bcl-2 and synergize with vorinostat even in cells expressing high ectopic Bcl-2 levels. Supplementary Fig. S4B . B, ABT-737 synergizes with vorinostat and abolishes resistance mediated by Bcl-2. JHU-O29 cells expressing a GFP control (Con) or Bcl-2 cDNA were treated with vorinostat with or without ABT-737 (3 μmol/L) for 24 hours, and viability was determined by sulforhodamine B assay. Shown is the mean and SD of 6 replicates. **, P < 0.001. C, xenograft study showing in vivo synergy and reversal of Bcl-2-mediated resistance by combination therapy. JHU-O29 cells as in B were implanted subcutaneously in nude mice. Treatment with vorinostat (50 mg/kg/d) and ABT-737 (75 mg/kg/d) was initiated once measurable tumors appeared. Shown is the mean of 7 to 10 tumors per group ± SEM. *, P < 0.05; **, P < 0.001, 2-way ANOVA. D, apoptosis induced by vorinostat is highly potentiated by combination therapy. Tumors from day 11 and 12, respectively, in C underwent TUNEL staining (brown nuclear stain, arrows). Scale bar, 50 μm. E, quantitation of apoptosis by TUNEL staining as in D, assessed by counting 5 random fields of more than 300 cells for 3 tumors per arm. Shown is the mean ± SEM. 
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We then validated these observations in vivo, establishing a xenograft model to test the effect of single-agent or combination therapy. When implanted together with 3T3 fibroblasts, JHU-O29 cells form tumors at 100% frequency in immunodeficient mice (14) . We implanted JHU-O29/GFP or JHU-O29/Bcl-2 cells and initiated treatment once measurable tumors were evident. Notably, we used well-tolerated doses of these agents and observed no drop in body weight during the study. Consistent with the results in vitro, vorinostat treatment alone was moderately effective in delaying progression of JHU-O29/GFP-derived tumors but was virtually ineffective against JHU-O29/Bcl-2 (Fig. 4C) . Interestingly, although ABT-737 alone had little measurable activity in vitro against SCC cells, including JHU-O29, in vivo, this agent produced a measurable antitumor effect in JHU-O29/GFP tumors similar to that of vorinostat alone. Most importantly, combination treatment with vorinostat and ABT-737 did not simply delay progression but instead induced significant regression of established tumors ( Fig. 4C and Supplementary Fig. S4C ). As was observed in vitro, this dramatic synergy resulted in similar efficacy of the combination regardless of Bcl-2 expression (Fig. 4C) . Thus, ABT-737 synergizes with vorinostat and effectively overcomes Bcl-2-mediated vorinostat resistance in vivo.
Histologic evaluation of tumors following combination drug treatment showed a marked increase in apoptotic cells in tumors treated with combination therapy compared with either single agent alone, as evidenced by pyknotic nuclei and terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) staining ( Fig. 4D and E ). In contrast, assessment of proliferation by Ki67 staining revealed no difference between vehicle and combination therapytreated tumors (data not shown). As anticipated, we observed increased expression of the same proapoptotic BH3-only family members following either vorinostat or combination therapy in vivo, as we did in vitro (Supplementary Fig. S4D ). Collectively, these observations show that vorinostat promotes apoptotic priming of SCC cells through downregulation of Mcl-1 and induction of Noxa, resulting in shuttling of Bim to Bcl-2/Bcl-xl, which renders cells highly susceptible to treatment with the BH3-mimetic ABT-737.
Bcl-2 Family Organization and Function Is Recapitulated in Primary HNSCC Tumors
Finally, we sought to validate directly the key players involved in the response to combination vorinostat/ABT-737 treatment and to determine their relevance in human SCC tumors. Our functional studies predict that Mcl-1 overexpression would lead to increased Bim sequestration and thereby treatment resistance. Indeed, ectopic Mcl-1 expression ( Supplementary Fig. S5A ) induced substantial resistance to single-agent vorinostat and abrogated the ability of ABT-737 to overcome this resistance (Fig. 5A) . Similarly, loss of Noxa would be predicted to recapitulate these effects by allowing increased Bim sequestration by Mcl-1. Noxa ablation by siRNA did in fact closely mimic the effects of Mcl-1 overexpression on drug sensitivity in multiple SCC cell lines ( Supplementary Fig. S5B and S5C) . Finally, Bim is predicted to play a critical role in the response to these drugs, functioning as the direct activator of the apoptotic cascade, which is released from Mcl-1 and Bcl-2/Bcl-xl in response to vorinostat and ABT-737, respectively (3, 8) . Consistent with this model, siRNA-mediated ablation of Bim ( Supplementary  Fig. S5D ) induced substantial resistance to the combination (Fig. 5B) . Furthermore, we found that endogenous Bim levels were a significant predictor of the response to the vorinostat/ ABT-737 combination across our entire panel of cell lines (Fig. 5C and Supplementary Fig. S5E ).
To establish whether the Bcl-2 family organization and function are recapitulated in primary human tumors, we collected a cohort of 28 HNSCC cases at our institution, which received treatment with a combination of chemotherapy and radiation. Tumors underwent pathologic review followed by macrodissection of viable tumor. We then determined the relative expression levels of Bcl-2 family members by quantitative reverse transcription (qRT-PCR) and compared them with those in the panel of SCC cell lines. This analysis showed a remarkably similar expression pattern in primary tumors and cell lines, both among and between different family members (Fig. 5D) . For example, Mcl-1 and Bcl-xl were the most highly expressed members in both cell lines and tumors, and exhibited a relatively narrow range of expression between different cases. Bcl-2, in contrast, exhibited the lowest mean expression and the broadest expression range (Fig. 5D ). Of note, we conducted internal validation for the measured gene expression levels in these tumors by showing that expression of the major antiapoptotic factors (Bcl-2, Bcl-xl, Bcl-w, and Mcl-1) was in equilibrium, and therefore linearly correlated, with the key proapoptotic factors (Bim and Noxa; Supplementary Fig. S5F ). These findings imply that the expression and organization of the Bcl-2 family is comparable in SCC cell lines and primary tumors.
We next asked whether Bcl-2 family gene expression levels or tumor-specific somatic cancer gene mutations were associated with clinical response. Genomic analysis included a validated assay for "hot-spot" mutation detection for 15 key cancer genes, including KRAS, hRAS, and PIK3cA (33), as well as FBW7 sequencing. For outcome correlation, we included the subset of patients who had all undergone initial treatment using the same standard taxane and platinum chemotherapy-containing regimen, known as "induction" chemotherapy (34) and whose clinical responses were known. Remarkably, even in this relatively small cohort, high Mcl-1 mRNA levels were significantly associated with an inferior response of these patients to standard therapy (Fig. 5E) . Furthermore, although no RAS or PIK3cA mutations were observed, one tumor harbored a structure-disrupting missense FBW7 mutation within the substrate-binding domain ( Supplementary Fig. S5G ), and this tumor showed a poor response to chemotherapy treatment (Fig. 5E ). These findings are in accordance with the established correlation between FBW7 mutation/Mcl-1 levels and taxane chemotherapy resistance (29, 35) . Of note, high Bcl-2 levels showed a trend toward correlation with poor response in this cohort (Supplementary Fig. S5H ), consistent with other recent data (17, 18) . Although larger cohorts will be required to confirm these observations, they support our model for Mcl-1 and Bcl-2 as key survival factors in SCC.
Finally, we wished to address the potential promise of the vorinostat/ABT-737 therapeutic combination for treatment of patients with SCC. To date, few or no clinical data are available regarding the use of this combination in SCC. Therefore, Supplementary Fig. S5A for immunoblots. B, Bim mediates the response to combination therapy. Relative ratio of viable cell numbers in ABT-737 (3 μmol/L)-treated cells in the presence or absence of vorinostat (1.5 μmol/L) following transfection of control (siCon) or Bim-directed (siBim) siRNA. **, P < 0.01. C, Bim levels are associated with overall response to combination therapy. Vorinostat IC 50 values in the presence of ABT-737 from Supplementary Fig. S5E are shown. Bim levels were determined by qRT-PCR and normalized to glyceraldehyde-3-phosphate dehydrogenase. D, relative expression and dynamic range of Bcl-2 family expression in cell lines (n = 7) and primary tumors (n = 28), assessed by qRT-PCR. Horizontal lines represent mean values. E, correlation between Mcl-1 mRNA levels and clinical outcome of HNSCC tumors treated with taxane/platinum chemotherapy and radiation. CR, complete response; PD, progressive disease; PR, partial response; SD, stable disease. Horizontal lines, mean values; error bars, SEM. Arrow indicates tumor with disruptive FBW7 mutation. F, application of biomarkers to primary tumors predicts sensitivity to combination therapy. In each case, gray shading denotes biomarker range associated with sensitivity in preclinical studies. Left, Mcl-1/Bcl-2 expression by qRT-PCR from chronic lymphocytic leukemia (CLL; ref. 36) was validated and applied to our HNSCC cohort, predicting resistance to single-agent ABT-737. Right, application of Bim levels from in vivo studies (Fig. 4) predicts sensitivity with combination therapy. we interrogated our established gene expression biomarkers in these tumors, and we then predicted responses using cutoff values determined from preclinical data. We first tested the Mcl-1/Bcl-2 ratio, which, we showed, correlated with cell line sensitivity to single-agent ABT-737 (Fig. 2) , and which was previously shown to do the same in chronic lymphocytic leukemia (CLL; ref. 36) . CLL cells have a very low Mcl-1/Bcl-2 ratio and are sensitive to ABT-737, whereas SCC cells have a much higher ratio, are Mcl-1 dominant, and are ABT-737 resistant (Fig. 2) . Consistent with these findings, comparing the Mcl-1/Bcl-2 ratio in primary CLL cultures with that in our primary HNSCC tumors predicts resistance of nearly all tumors to single-agent ABT-737 (Fig. 5F ). This interpretation is also consistent with early clinical data suggesting very poor single-agent activity of the orally available and more stable analogue of ABT-737, ABT-263, against many solid tumors (10, 11). Most importantly, we then examined Bim levels as a measure of the potential response to combination therapy, as we showed above that Bim correlated with cell killing by this combination in SCC lines (Fig. 5C ). Comparing Bim values derived from the xenograft study (Fig. 4) with those observed in the primary HNSCC tumors, we find that the vast majority of cases would be predicted to respond to combination therapy (Fig. 5F) . Thus, the molecular profile of the Bcl-2 family in HNSCC tumors predicts that significant treatment responses would be obtained using this drug combination in clinical studies (Fig. 6 ).
DiscUssiON
Here, we uncover the tissue-specific landscape of the Bcl-2 family in SCC, revealing Mcl-1 as a key survival factor and establishing functional biomarkers to guide the application of a novel combination-targeted therapy. The dominant role played by Mcl-1 in this disease compared with hematologic cancers is evidenced by the dramatically elevated Mcl-1/Bcl-2 ratio and by the high fraction of Bim bound to Mcl-1 relative to Bcl-2/Bcl-xl in SCC cells (Fig. 2) . Consistent with these observations is the profound resistance of SCC cells to singleagent ABT-737, which is explained by the inability of this agent to displace the large proportion of Bim that is bound to Mcl-1 (3, 4) . Of note, the situation in SCC also contrasts with that observed in myeloma cells, which are reported to be ABT-737 sensitive and Bcl-2/Bcl-xl and Mcl-1 "codependent," based on the distribution of bound Bim among all 3 of these factors (22) . Powerful direct evidence of unique Mcl-1 dominance in SCC is our finding that siRNA-mediated ablation of Mcl-1, but not other prosurvival family members, is sufficient to kill SCC cells ( Fig. 2 and Supplementary Fig. S2 ). Finally, the importance of Mcl-1 in this disease is also supported by the presence of recurrent disruptive mutations in FBW7, encoding an SCF component, which is known to target Mcl-1 for degradation. We show that Mcl-1 is stabilized in FBW7-mutant SCC cells, further promoting Mcl-1 addiction and leading to increased HDAC inhibitor sensitivity (Fig. 3) .
We show that vorinostat targets Mcl-1 function in SCC, mediating striking redistribution of Bim from Mcl-1 to Bcl-2 and Bcl-xl through the concerted effect of Noxa induction and Mcl-1 downregulation (Fig. 2 and Supplementary  Fig. S2 ). These effects, together with the induction of Bim itself by vorinostat, account for the sensitivity of a subset of SCCs with low Bcl-2 to single-agent vorinostat (Fig. 1) . More importantly, we show that vorinostat-induced Bim redistribution dramatically reprograms SCCs from Mcl-1 dependence to Bcl-2/Bcl-xl dependence, an effect that underlies the synergy we have uncovered between vorinostat and ABT-737. In vivo, this synergistic effect converts vorinostat from a moderately effective single agent that delays tumor progression to an inducer of apoptosis and tumor regression ( Fig. 4 and Supplementary Fig. S4 ). Perhaps even more exciting is our finding that this combination, in vivo, is able to fully reverse resistance in tumors expressing high levels of Bcl-2. This observation is in line with previous data showing that this same combination was able to induce apoptosis in a mouse model of Bcl-2-overexpressing B-cell lymphoma (37) . In HNSCC, we and others have shown that Bcl-2 is an important negative prognostic factor, which is independent of other clinicopathologic factors, including human papillomavirus status (17) (18) (19) . Taken together, these observations support the view that this therapeutic combination may be particularly effective for the subset of SCCs that are most refractory to standard therapy.
Our study uncovers potential predictive markers, showing that levels of Bim predict the overall response to combination therapy (Fig. 6) . This is logical because the net effect of the combination is to disable both submodules for Bim sequestration (Mcl-1 and Bcl-2/Bcl-xl), resulting in free Bim, consequent activation of Bax/Bak, and cell death. Critically, we provide several lines of evidence that the organization of the Bcl-2 family and our model in general are likely to hold true in human HNSCC tumors. We show that the relative expression of Bcl-2 family members is comparable in both SCC cell lines and tumors, and that Mcl-1, which is known to be associated with chemoresistance in vitro (29) , predicts a poor response to treatment in patients (Fig. 5) . Finally, by analyzing expression of biomarkers, we have established from preclinical data and we provide evidence that a substantial fraction of human HNSCC tumors will be resistant to single-agent ABT-737 but sensitive to the combination. Of note, some of the predictions from this and related studies are already being validated through early-phase clinical trials. Patients with tumors that are Bcl-2 dominant, such as CLL, do indeed respond to single-agent ABT-737 (38) , whereas those with carcinomas, including SCC, which may be Mcl-1 dominant, seem largely refractory (11) . In addition, patients with HNSCC previously treated with, and refractory to, conventional chemotherapy (presumably through increased Bcl-2 or related mechanisms) are indeed resistant to single-agent vorinostat (39) . Our data suggest that such tumors might be successfully treated with the vorinostat/ABT-737 combination.
Of particular importance to predictive cancer molecular diagnostics are mutations and other genomic events that function as drivers of tumorigenesis, impinging on key pathways that can be targeted to therapeutic advantage. Mutation of FBW7 is a challenging example, given the number of potentially relevant cancer effectors that may be activated by its loss-of-function, including c-Myc, Notch, cyclin E, Mcl-1, and others (25) . As noted above, we provide evidence that Mcl-1 is a key target of FBW7 in SCC. We also speculate that other FBW7 targets may be activated as well following its mutation and may contribute to increased "oncogenic stress" of FBW7-mutant SCC, reflected by increased Bim levels (Supplementary Fig. S3B ). Collectively, our data suggest that FBW7 mutation is likely to serve as an important predictive marker in SCC. These mutations would confer a poor response to chemotherapy and particularly taxane-based therapy, but a robust response to combination HDAC/Bcl-2 inhibitor therapy and potentially other targeted therapies as well (40) .
Our detailed analysis of SCC also provides an explanation for one of the paradoxes of this disease: Bcl-2 itself is an important prognostic factor and a key survival factor, yet these tumors are unlikely to respond to single-agent Bcl-2 inhibitors such as ABT-737 (10, 17, 18, 24) . Our finding that Mcl-1 plays a central role in sequestering Bim, even in tumors with high Bcl-2 levels, explains why ABT-737 alone is insufficient. This discovery also shows why therapeutic combinations targeting both Mcl-1 and Bcl-2/Bcl-xl survival modules will be required for successful tumor cell killing. Progress in improving clinical outcomes for patients with SCCs including HNSCC has been remarkably slow, owing in part to the lack of readily targeted somatic oncogene mutations and activated pathways observed in these tumors (1). Our study provides fundamental insight into this tumor subtype, revealing the underlying survival mechanisms and how they might be successfully targeted using agents already in clinical use.
MethODs
Cell Lines
The origin of JHU-O29, JHU-O11, HO1N1, KYSE-30, KYSE-150, and FaDU was described in ref. 14. BICR-78 cells were a generous gift from Dr. S. Michael Rothenberg [Massachusetts General Hospital (MGH), Boston, MA]. SKNO1, HL60, and THP1 cells were generous gifts from Dr. David Sweetser (MGH). Each line was maintained by the MGH Center for Molecular Therapeutics cell line bank and underwent high-density single-nucleotide polymorphism typing during the past 24 months, revealing that each was unique compared with more than 800 other banked lines (31) . Cells were maintained at 37°C with 5% CO 2 in RPMI supplemented with 10% FBS, penicillin, and streptomycin.
Viability Assays
Cells were plated in 96-well plates at a density consistent with exponential growth, and drugs were added on the next day. Viable cell numbers were determined by sulforhodamine B (SRB) staining for SCC cells, or CellTiter-Glo assay for hematologic cells according to the manufacturer's instructions (Promega). Comparison between CellTiter-Glo assay and SRB assay were carried out on JHU-O29 cells, resulting in identical IC 50 values. Quantitation of apoptosis by Annexin V/PI staining was conducted as described previously (41) . Cells were analyzed on a FACSCalibur flow cytometer (BD Biosciences). Data were analyzed with FlowJo V5.0 (Tree Star, Inc.).
Retroviral Production and RNA Analysis
Production of virus and mRNA analysis were conducted as described (41) . The qRT-PCR for all cell line data using SYBR Green was conducted as described in ref. 41 . Primers used for qRT-PCR are shown in Supplementary Table S1 . Primary tumor samples were analyzed by TaqMan PCR (Life Technologies) according to the manufacturer's instructions. Probe catalog numbers are listed in Supplementary Table S1 . The consistency between these 2 methods was validated directly by applying both platforms to SCC cell lines.
Protein extraction, immunoblot, immunoprecipitation, and Mcl-1 protein degradation were conducted as described in ref. 41 and Supplementary Methods.
Animal Studies and TUNEL Staining
All animals were housed and treated in accordance with protocols approved by the Subcommittee on Research Animal Care at the Massachusetts General Hospital. Xenograft tumors were generated and tumor volumes were determined as previously described (14, 42) . Mice were injected intraperitoneally with 50 mg/kg vorinostat (Active Biochem) and/or 75 mg/kg ABT-737 (Active Biochem) or the corresponding solvent (30% propylene glycol, 5% Tween-80, 65% of 5% dextrose in water, pH 4) every day starting 13 days after cell implantation. ApopTag Peroxidase In Situ Apoptosis Detection Kit (Millipore) was used to carry out TUNEL staining according to the manufacturer's instructions. Images were captured using a Nikon Eclipse 80i microscope, Q imaging Retiga Exi camera, and QCapture version 2.0.8 software. 
